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Original Article
Neurovascular coupling and cerebral
autoregulation in atrial fibrillation
Rehan T Junejo1,2 , Igor D Braz3, Samuel JE Lucas1,4,
Johannes J van Lieshout5,6,7, Aaron A Phillips8,
Gregory YH Lip2 and James P Fisher1,9
Abstract
The risk of cognitive decline and stroke is increased by atrial fibrillation (AF). We sought to determine whether
neurovascular coupling and cerebral autoregulation are blunted in people with AF in comparison with age-matched,
patients with hypertension and healthy controls. Neurovascular coupling was assessed using five cycles of visual stimu-
lation for 30 s followed by 30 s with both eyes-closed. Cerebral autoregulation was examined using a sit–stand test, and a
repeated squat-to-stand (0.1Hz) manoeuvre with transfer function analysis of mean arterial pressure (MAP; input) and
middle cerebral artery mean blood flow velocity (MCA Vm; output) relationships at 0.1Hz. Visual stimulation increased
posterior cerebral artery conductance, but the magnitude of the response was blunted in patients with AF (18 [8] %;
mean [SD]) and hypertension (17 [8] %), in comparison with healthy controls (26 [9] %) (P< 0.05). In contrast, trans-
mission of MAP to MCA Vm was greater in AF patients compared to hypertension and healthy controls, indicating
diminished cerebral autoregulation. We have shown for the first time that AF patients have impaired neurovascular
coupling responses to visual stimulation and diminished cerebral autoregulation. Such deficits in cerebrovascular regu-
lation may contribute to the increased risk of cerebral dysfunction in people with AF.
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Introduction
Atrial ﬁbrillation (AF) is associated with substantial
risk of mortality and morbidity from stroke and
thromboembolism,1–3 while ischemic strokes caused
by AF are often severe and lead to low quality of life
and high mortality.4 Even in the absence of previous
stroke, patients with AF are at heightened risk of cog-
nitive decline, dementia and depression.5–7 The precise
mechanisms by which AF may precipitate such cogni-
tive dysfunction, and causes such severe cerebrovascu-
lar events, have not been fully elucidated but may
include impairments in cerebrovascular regulation.
The brain has a high metabolic demand and possesses
regulatory mechanisms to ensure a close matching of
local blood ﬂow to neuronal activation and metabolism
(neurovascular coupling) and an adequate cerebral
oxygen delivery over a wide range of perfusion pressures
to prevent over/under perfusion and consequent risk of
haemorrhage or ischemia (cerebral autoregulation).8
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Impaired neurovascular coupling and cerebral autoregu-
lation have been identiﬁed in a number of pathologies,
including stroke and neurovascular diseases9,10; how-
ever, neither neurovascular coupling nor cerebral auto-
regulation have been examined in AF. Poor cerebral
blood ﬂow in AF may lead to vasodilatation of cerebral
arterioles thus reducing cerebral vasodilatory reserve.11
Indeed, a 13% reduction in hemispheric cerebral blood
ﬂow has been documented in individuals with AF aged
between 51 and 65 years, in the absence of signs of heart
failure or cerebral vascular disease.12 Moreover, systemic
endothelial dysfunction has also been reported in AF
and may impair cerebrovascular regulation. Plasma
von Willebrand factor, a biomarker of endothelial
damage/dysfunction, is raised in AF and has been
related to adverse outcomes.13 In addition, stable
patients with chronic AF have an impaired conduit (bra-
chial) artery ﬂow-mediated dilatation response in com-
parison to sinus rhythm controls,14 indicative of
attenuated endothelial nitric oxide (NO) bioavailabil-
ity.15,16 This is important since endothelium-derived
NO is an important local regulator of cerebral blood
ﬂow17 and some evidence indicates that it is involved
in cerebral autoregulation18,19 and neurovascular cou-
pling,20,21 although this is controversial22,23 and remains
an active area of exploration.17
We have identiﬁed a blunted cerebrovascular carbon
dioxide reactivity as an important control mechanism
of cerebral blood ﬂow in AF patients24 and herein
sought to extend those observations by determining
whether neurovascular coupling and cerebral autoregu-
lation are impaired in AF. These key cerebrovascular
regulatory processes were assessed in patients with AF,
hypertension and healthy volunteers. Patients with
hypertension were also recruited to serve as a ‘disease
control’ group with the aim of controlling for the eﬀect
of medications and comorbidities.24,25 We hypothesized
that neurovascular coupling and cerebral autoregula-
tion would be poorer in patients with AF when com-
pared to age-matched healthy controls and patients
with hypertension.
Material and methods
Ethical approval
This study was approved by the National Research
Ethics Service Committee West Midlands (13/WM/
0210 and 15/WM/0447) and adhered to the principles
of the Declaration of Helsinki (2008). Prospective par-
ticipants were provided with an information sheet and
all procedures were verbally explained in detail. All vol-
unteers provided written informed consent after having
the opportunity to ask questions and receive appropri-
ate clariﬁcation.
Participants
Eighty-three people were recruited to participate in this
cross sectional, case control study, across three groups:
AF patients (n¼ 30), primary hypertensive patients in
sinus rhythm (n¼ 29), and healthy control participants
(n¼ 24). AF and hypertension patients were recruited
from dedicated clinics at City Hospital, Birmingham,
United Kingdom, while healthy controls were recruited
from the surrounding communities by recruitment
advertisements and word of mouth. In addition, GP
practices within the National Institute of Health
Research Clinical Research Network were also
employed to recruit participants to all groups.
Individuals with a fast ventricular rate (> 90 b/min),
left ventricular dysfunction, valvular heart disease, pre-
vious myocardial infarction, angina, ischemic and
haemorrhagic stroke / transient ischemic attack, malig-
nancy, uncontrolled thyroid disorders, insulin-
dependent diabetes, secondary hypertension and
respiratory, hepatic, renal, connective tissue, inﬂamma-
tory or neurological diseases were excluded from par-
ticipation. Also excluded were those using oral nitrates,
hormone replacement therapy, smokers and those with
a weekly alcohol consumption of> 28 units. Participant
characteristics and prescribed medication use are pro-
vided in Table 1.
AF patients were previously diagnosed with parox-
ysmal (i.e. episodes are transient and spontaneously
resolve) or persistent AF (i.e. each untreated epi-
sode lasts longer than seven days), while patients
with hypertension were also previously clinically diag-
nosed (i.e. consistent non-clinical ambulatory blood
pressure readings of systolic >140mmHg and/or
diastolic> 90mmHg). Four healthy participants were
found to have raised blood pressure and were referred
to a GP but upon follow-up all were conﬁrmed as being
normotensive.
Experimental measures
Baseline brachial arterial pressure was determined non-
invasively using an automated oscillometer (M2,
Omron, Kyoto, Japan). Continuous beat-by-beat
blood pressure was obtained using ﬁnger photoplethys-
mography (Finometer MIDI, Finapres Medical
Systems, Amsterdam, The Netherlands) and heart
rate (HR) was monitored by a lead II ECG (BioAmp,
ADInstruments, Dunedin, New Zealand). Middle cere-
bral artery mean blood velocity (MCA Vm) was con-
tinuously recorded in all participants, while posterior
cerebral artery mean blood velocity (PCA Vm) was
obtained in a sub-set of participants, using a 2MHz
transcranial Doppler probe (Doppler BoxX, DWL,
Sipplingen, Germany) ﬁxed at the temporal window
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with an adjustable headband and ultrasound gel.
MCA insonation was attempted on both sides
with recordings made from optimal side; the contralat-
eral PCA was then insonated and again data only
from optimally insonated vessels were recorded.
Vessels were conﬁrmed in accordance with published
guidelines.26 Minute ventilation was measured
using an oronasal mask connected to a heated pneumo-
tach (Hans Rudolph, Kansas City, KS, USA).
Continuous breath-by-breath partial pressure of
end-tidal carbon dioxide (PETCO2) was obtained
by a capnograph connected to the mask by a sample
line (RespSense, Nonin Medical, Plymouth,
MN, USA).
Study protocol
Baseline. Participants refrained from taking medications
(excluding anticoagulants) on the morning before the
study. Height and weight were measured. After instru-
mentation, a 10-min baseline was acquired while par-
ticipants lay supine breathing room air. At least three
brachial artery blood pressure readings were obtained
during this period.
Table 1. Participant characteristics.
HC AF HT P value
n 24 30 29
Age (yr) 68 [66, 70] 69 [63, 72] 68 [65, 72] 0.95
Sex (n women) 11 9 14 –
Waist/hip (ratio) 0.84 [0.79, 0.90] 0.86 [0.83, 0.93] 0.88 [0.85, 0.92] 0.38
BMI (kg/m2) 24.3 [22.9, 25.6] 27.0 [24.4, 29.8]* 26.0 [25.2, 28.5]* <0.01
Hypertension (n) – 18 29 –
Type II diabetes (n) – 1 4 –
HR (bpm) 60 [56, 65] 62 [58, 74] 62 [57, 68] 0.28
SBP (mmHg) 141 (21) 135 (24)y 153 (17) 0.01
DBP (mmHg) 81 (08) 82 (12) 85 (11) 0.42
MAP (mmHg) 101 (11) 100 (13) 108 (13) 0.047
MCA Vm (cm/s) 62 (14) 51 (13)* 54 (11) 0.01
PCA Vm (cm/s) 34 (13) 33 (8) 34 (7) 0.42
PETCO2 (mmHg) 40.2 (4.6) 38.1 (5.2)
y 42.2 (4.3) 0.01
CHADS2 Score – 1 [0, 1] – –
CHA2DS2-VASc Score – 2 [1, 2] – –
Medications (n)
b-blockers – 12 2 –
ACEi – 7 11 –
ARB – 2 7 –
Caþþ channel blockers – 7 13 –
Diuretics – 3 8 –
OACs – 22 – –
Low-dose salicylates – 3 3 –
Digoxin – 3 – –
Statins 5 15 12 –
Biguanides – 1 4 –
DPP-4 inhibitors – – 1 –
Sulfonylureas – – 2 –
Thiazolidinediones – – 1 –
Note: Values are displayed as mean (SD) when normally distributed or median [interquartile range] when non-normally distributed. HC: healthy
control; AF: atrial fibrillation; HT: hypertension; BMI: body mass index; HR: heart rate; SBP: systolic blood pressure; DBP: diastolic blood pressure;
MAP: mean arterial pressure; MCA Vm: mean middle cerebral artery blood flow velocity; PCA Vm: mean posterior cerebral artery blood flow velocity;
PETCO2: end-tidal partial pressure of CO2; ACEi: angiotensin-converting enzyme inhibitors; ARB: angiotensin receptor blockers; DPP-4: Dipeptidyl
peptidase-4; OACs: oral anticoagulants.
*P< 0.05 vs. HC; yP< 0.05 vs. HT. PCA signals were obtained at baseline in a subgroup of HC (n¼ 12), AF (n¼ 13) and HT (n¼ 16) participants.
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Neurovascular coupling. Following a 2-min baseline
period with both eyes closed, ﬁve cycles of 30 s with
eyes open (visual stimulation – silent reading) followed
by 30 s eyes closed were performed. Reading material
consisted of general tourist information relating to
Birmingham, UK. The neurovascular coupling proto-
col was undertaken in accordance with published
guidelines.21
Sit–stand. Cerebral autoregulation was assessed by per-
forming a single sit-to-stand. Participants sat comfort-
ably with the legs uncrossed on a chair for 2min
followed by single movement to a standing position,
which was maintained for a further 2min.
Squat-to-stand. Following 2-min of standing, partici-
pants performed a repeated squat-to-stand manoeuvre
for 5-min (0.1Hz). Squats consisted of bending the
knees at 90 for 5 s followed by standing straight for
a further 5 s. This manoeuvre produces large amplitude
oscillations in blood pressure and cerebral blood ﬂow
velocity, thus increasing the coherence between these
signals and optimizing the transfer function analysis
method and its reproducibility.27,28
Data analysis
Study design restricted blinding during data collection.
However, researchers were blinded during data and
statistical analysis. Body mass index (BMI) was
expressed as the ratio between participant’s weight
and the square of their height. Cardiorespiratory and
transcranial Doppler signals were digitized at 1 kHz
(Powerlab, ADInstruments) and recorded using multi-
channel data acquisition software (LabChart 7,
ADInstruments). Mean blood pressure of each cardiac
cycle was calculated as the mean arterial pressure
(MAP), while an index of the cerebrovascular conduct-
ance (CVCi) was calculated using the following formula
MCACVCi or PCACVCi ¼MCAVm or PCAVm
MAP
Baseline values for cardiorespiratory and cerebro-
vascular data were averaged over 10min. For neurovas-
cular coupling analysis, beat-to-beat (cardiovascular
and cerebrovascular) and breath-by-breath (respira-
tory) data underwent cubic spline interpolation at
5Hz using a custom built Matlab code (MathWorks,
United States). The average values of MCA Vm,
MCACVCi, PCA Vm, PCACVCi, MAP and PETCO2
were calculated for the eyes open and eyes closed
phases. Additionally, peak responses to eyes open
were computed and expressed as percentage change
from eyes closed. The magnitude of the neurovascular
coupling response was principally taken as the peak
percentage change in PCACVCi. A secondary analysis
was undertaken in an attempt to better understand
the ‘‘task-speciﬁc selectivity’’ of the response, in which
the ‘‘non-selective’’ cerebrovascular responses to the
neurovascular coupling test were excluded by calculat-
ing the diﬀerence between the PCACVCi and MCACVCi
responses.
Cerebral autoregulation was determined from
cardiovascular and cerebrovascular responses to the
sit–stand manoeuvre, along with the transfer function
analysis of cardiovascular (MAP) and cerebrovascular
(MCA Vm) signals for the supine baseline (5min) and
the repeated squat-to-stand manoeuvre (5min). For
sit–stand data, baseline values of MCA Vm,
MCACVCi, MAP and PETCO2 were calculated as the
average of 20 s data before stand (i.e. while seated).
The magnitude of the change (delta; D) to nadir was
calculated along with the time to nadir. For the
repeated squat-to-stand, extracted data underwent
cubic polynomial interpolation and resampling at
10Hz for transfer function analysis using the fast
Fourier transform in accordance with the recommen-
dations of the International Cerebral Autoregulation
Research Network (CARNet, http://www.car-net.org/
content/resources).29 The relationship between input
(MAP) and output (MCA Vm) was quantiﬁed with
respects to power, absolute gain (cm/s/mmHg), normal-
ised gain (%/mmHg), phase and coherence, averaged at
0.1Hz (i.e. coincident with frequency of repeated squat
to stand).27 In addition, averages were computed over
the very low frequency (0.02–0.07Hz), low frequency
(0.07–0.2Hz), and high frequency (0.2–0.5Hz)
ranges.30
Statistical analyses
Participant numbers included for each analysis are
shown in the ﬁgure and table legends. Normality was
assessed by the Shapiro–Wilk test. Normally distribu-
ted data were analyzed using one-way analysis of vari-
ance (ANOVA) or Students t-test, while non-normally
distributed data were analyzed using Kruskal–Wallis H
test or Mann–Whitney Rank Sum test. Multiple pair-
wise comparisons were performed using Students t-test
with Bonferroni correction if a signiﬁcant diﬀerence
was found by the ANOVA. When a signiﬁcant diﬀer-
ence between the groups was found by the Kruskal–
Wallis H test, post hoc analysis was performed with
Dunn’s method. Statistical analysis was performed
using Sigmaplot 13.0 (Systat Software Inc., London,
UK). Signiﬁcance was set at P< 0.05. Normally distrib-
uted data are presented as mean (SD), while non-
normally distributed data are presented as median
[interquartile range]. Assuming a 6% SD for NVC as
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Nowak-Fluck et al.,31 the minimal detectable diﬀerence
between the groups would be 7% with a sample size of
12 patients in each group, at 80% power and 5% alpha.
Assuming a 0.35%/mmHg SD for normalized gain at
0.1Hz during the repeated squat-to-stand manoeuvre
as Smirl et al.,32 the minimal detectable diﬀerence
between the groups would be 0.28%/mmHg with a
sample size of 25 patients in each group, at 80%
power and 5% alpha.
Results
Baseline
Groups were closely matched for age and waist/hip
ratio, while BMI was higher in AF and hypertension
patients (Table 1). During the supine baseline, HR and
DBP were not diﬀerent between groups, while SBP and
MAP were lowest in AF and highest in hypertension.
Supine MCA Vm and PETCO2 were lower in AF, while
PCA Vm was not diﬀerent between groups.
Neurovascular coupling
Visual stimulation evoked an increase in PCACVCi in all
groups (Figure 1 and Table 2), but the magnitude of the
hyperaemic response was blunted in patients with AF
and hypertension, in comparison with healthy controls
(P< 0.05). AF patients exhibited the greatest increase
in MCACVCi (P< 0.05 vs. healthy controls and patients
with hypertension) and when this ‘‘non-selective’’ eﬀect
of the neurovascular coupling test was subtracted, a
signiﬁcantly diminished peak PCACVCi response was
observed in AF patients compared to both other
groups. When the peak MCA Vm was similarly
accounted for, the peak PCA Vm was also observed
to be diminished in AF patients (P< 0.05 vs. healthy
controls and patients with hypertension). The neuro-
vascular coupling test slightly elevated PETCO2, but
to a similar extent in each group. MAP was also slightly
elevated in the AF and hypertension patient groups
(P< 0.01 vs. healthy controls).
Cerebral autoregulation
Cardiovascular and cerebrovascular responses to the
sit-stand manoeuvre are provided in Table 3. No dif-
ferences were noted between the groups in terms of the
magnitude of the fall in MAP, MCA Vm or MCACVCi.
Similarly, no between group diﬀerences were noted for
the time taken to reach a nadir. Figure 2 and
Supplementary Table 1 provide transfer function ana-
lysis derived coherence, phase and gain in the very low,
low and high frequency ranges, along with 0.1Hz, both
at baseline and during a repeated squat-stand man-
oeuvre. Normalised gain was elevated in patients with
AF compared to patients with hypertension during the
repeated squat-stand manoeuvre at 0.1Hz, compared
to normotensive controls in sinus rhythm (P< 0.05).
Coherence and absolute gain were not diﬀerent between
the groups during the repeated squat-stand manoeuvre
at 0.1Hz; however, phase was lower in patients with
hypertension when compared to normotensive controls
in sinus rhythm (P< 0.05). As anticipated, the
Figure 1. Neurovascular coupling response in the posterior (PCA; a) in healthy controls (HC; blue), patients with atrial fibrillation
(AF; red) and hypertension (HT; green). Lines represent the group mean responses. The black bar indicates where participants had
their eyes open. Panel b shows the individual peak PCACVCi responses (%) with mean (SD) for each group. *P< 0.05 vs HC.
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Table 2. Neurovascular coupling (NVC) responses in healthy controls (HC), patients with atrial fibrillation (AF) and hypertension
(HT).
HC AF HT P value
n 12 12 13
Baseline
PCA Vm (cm/s) 36 (8) 31 (7) 33 (8) 0.36
MCA Vm (cm/s) 60 (15) 49 (12) 55 (12) 0.13
MAP (mmHg) 99 (10) 106 (13) 112 (14) 0.06
MCACVCi (cm/s/mmHg) 0.61 (0.17) 0.47 (0.13) 0.50 (0.12)* <0.05
PCACVCi (cm/s/mmHg) 0.36 (0.09) 0.30 (0.07) 0.30 (0.07) 0.06
PETCO2 (mmHg) 41 [39–43] 39 [36–40] 43 [40–45] 0.07
Peak NVC response
D PCA Vm (%) 24 (10) 19 (7) 19 (7) 0.21
D MCA Vm (%) 11 (7) 19 (6)
*y 12 (3) <0.01
D PCA Vm-MCA Vm (%) 12.5 (8.1) 0.1 (7.6)
*§ 6.8 (8.7) <0.01
D MAP (%) 1 (2) 4 (3)* 3 (2)* <0.01
D PCACVCi (%) 26 (9) 18 (8)* 17 (8)* <0.05
D MCACVCi (%) 13 (6) 17 (6)
y 10 (4) <0.05
D PCACVCi-MCACVCi (%) 12.9 (9.2) 1.0 (7.5)* 6.6 (9.4) <0.01
D PETCO2 (%) 3 [100–104] 2 [101–104] 2 [100–104] 0.51
D PCA Vm / PETCO2 (%) 23 (8) 19 (8) 18 (8) 0.26
D MCA Vm / PETCO2 (%) 11 (6) 19 (7)
*y 12 (5) <0.01
Note: Values are displayed as mean (SD) when normally distributed or median [interquartile range] when non-normally distributed. P values represent
ANOVA results. MCA: middle cerebral artery; PCA: posterior cerebral artery; Vm: mean blood flow velocity; MAP: mean arterial pressure; CVCi:
cerebrovascular conductance index; PETCO2: end-tidal partial pressure of CO2.
*P< 0.05 vs. HC; yP< 0.05 vs. HT; §P¼ 0.056 vs. HT.
Table 3. Cerebrovascular, haemodynamic and respiratory responses to a single sit-stand manoeuvre in healthy controls (HC),
patients with atrial fibrillation (AF) and hypertension (HT).
HC AF HT P value
n 24 30 29
Baseline (sitting)
MCA Vm (cm/s) 59 (17) 53 (14) 49 (10)* 0.03
MAP (mmHg) 100 [94–108] 98 [83–112]y 117 [108–128]* <0.01
MCACVCi (cm/s/mmHg) 0.54 [0.46–0.77] 0.51 [0.39–0.64]
y 0.42 [0.35–0.46]* <0.01
PETCO2 (mmHg) 37 [35–39] 38 [33–40] 38 [36–40] 0.39
Change from sitting to nadir during standing
D MCA Vm (%) 14 [18–9] 15 [17–8] 11 [15–6] 0.23
Time to nadir of MCA Vm (s) 23 [6–34] 27 [6–33] 25 [8–32] 0.90
D MAP (%) 20 (8) 19 (10) 16 (9) 0.15
Time to nadir of MAP (s) 9 [8–11] 8 [7–11] 10 [8–12] 0.16
D MCACVCi (%) 10 [14–8] 11 [16–3] 7 [13–5] 0.47
Time to nadir of CVCi (s) 27 [22–40] 25 [3–34] 30 [4–40] 0.74
D PETCO2 (%) 5 [10–3] 7 [9–5] 6 [9–2] 0.85
Note: Values are displayed as mean (SD) when normally distributed or median [interquartile range] when non-normally distributed. P values represent
ANOVA results. *P< 0.05 vs. HC; yP< 0.05 vs. HT.
MCA: middle cerebral artery; Vm: mean blood flow velocity; MAP: mean arterial pressure; CVCi: cerebrovascular conductance index; PETCO2: end-
tidal partial pressure of CO2.
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coherence was appreciably increased by performance of
the squat-stand manoeuvre in all groups.
Subgroup analysis of AF patients being tested during
an AF episode or not
Approximately 50% of AF patients were in AF when
studied, and so a subgroup analysis was undertaken
between these patients compared to those not in AF
when tested. Groups were not diﬀerent in terms of
age, hip-to-waist ratio, SBP, PCA Vm, PETCO2,
whereas HR, BMI (tendency, P¼ 0.08), DBP (ten-
dency, P¼ 0.06) and MAP (tendency, P¼ 0.06) were
higher, and MCA Vm was lower in those AF patients
that were ﬁbrillating when tested (Supplementary
Table 2). Neither neurovascular coupling
(Supplementary Table 3), nor the cardiovascular and
cerebrovascular responses to the sit-stand manoeuvre
were diﬀerent in these sub-groups of AF patients
(Supplementary Table 4). Supplementary Table 5
Figure 2. Cerebral autoregulation determined using transfer function analysis during a repeated squat-stand manoeuvre at 0.10Hz
in healthy controls (HC; blue), patients with atrial fibrillation (AF; red) and hypertension (HT; green). Panels a and b show original
records of arterial blood pressure (BP) and middle cerebral artery mean blood flow velocity (MCAVm) at baseline (supine) and during
repeated squat-stands in one healthy participant. Panels c and d show transfer function normalised gain and phase determined during
the repeated squat-stand manoeuvre at 0.10Hz in each study group with mean (SD). *P< 0.05 vs. HC; yP< 0.05 vs. HT.
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provides transfer function analysis derived coherence,
phase and gain at 0.1Hz, both at baseline and during a
repeated squat-stand manoeuvre. Interestingly, during
the squat-stand manoeuvre, absolute gain was lower
(0.64 [0.22] vs. 0.92 [0.37] cm/s/mmHg) and phase was
higher (0.63 [0.25] vs. 0.35 [0.17] radians) in AF patients
that were ﬁbrillating when studied (P< 0.05).
Discussion
The aim of this study was to determine whether neuro-
vascular coupling and cerebral autoregulation are
impaired in AF. Our major novel ﬁndings are that:
(1) individuals with AF have a blunted neurovascular
coupling response to visual stimulation when compared
to age-matched healthy controls; (2) cerebral autoregu-
lation is diminished in AF patients as indicated from
the elevated normalised gain derived from transfer
function analysis, and (3) AF patients that were ﬁbril-
lating when studied had a lower cerebral perfusion
(MCA Vm) than those AF patients not in AF when
tested, but cerebral autoregulatory performance was
not less eﬀective.
Neurovascular coupling
A complex array of signalling cascades normally cou-
ples neuronal activation and metabolism to cerebral
blood ﬂow with a high spatial and temporal ﬁdelity.20
A diminished neurovascular coupling, indicative of
cerebrovascular dysfunction, has been demonstrated
in several clinical conditions (e.g., stroke, Alzheimer’s
disease),9,21 and while an association between impaired
neurovascular coupling and diminished cognitive func-
tion has been reported,33 human studies of causality are
awaited. In the present study, we observed that
increases in visual stimulation evoked a blunted
PCACVCi response in patients with AF compared to
healthy control participants, indicative of diminished
neurovascular coupling. This may be attributable to
visual stimulation causing a blunted neuronal activa-
tion in AF as sub-clinical neurodegeneration can
occur in some cases,34 or alternatively a disruption in
the coupling between neuronal activation and increases
in local blood ﬂow.
A multitude of substances are believed to link neur-
onal and astrocytic activation to local vasodilatation,
including vasoactive ions (e.g. potassium, hydrogen),
metabolites (e.g. adenosine, lactate), neurotransmitters
(e.g. glutamate, dopamine) and factors derived from
the endothelium (e.g. NO).21,35 Endothelial damage/
dysfunction has been reported in AF, and may in
part be due to blood ﬂow abnormalities associated
with an irregular heart rate, with resultant turbulent
ﬂow both in the left atrium and systemically.36
Loss of shear stress, which occurs in conditions of tur-
bulent ﬂow, decreases endothelial NO synthase expres-
sion as compared with laminar or pulsatile ﬂow
conditions.37,38 Diminished NO signalling may contrib-
ute to the diminished neurovascular coupling we
report.35 However, in contrast to the abundance of stu-
dies employing isolated preparations and non-human
models, the mechanistic basis of neurovascular cou-
pling has been more sparsely studied in humans.21
Further studies are needed to better understand the
physiological mechanisms for the observed deﬁcit in
the cerebral perfusion response of the occipital lobe
to visual stimulation in AF patients.
Patients with hypertension were observed to have a
lower PCACVCi response to visual stimulation in com-
parison with healthy control participants. This is in
general agreement with a previous report of a blunted
cerebral blood ﬂow response in the parietal cortex
during a memory task in untreated hypertension
patients compared to normotensive controls.33
Interestingly, a poorer cerebral blood ﬂow response
was associated with a worse cognitive performance.33
In mice, the systemic administration of angiotensin II
raises blood pressure and diminishes the cerebral blood
ﬂow response to whisker stimulation (i.e. a blunted
neurovascular coupling response).39 Given that phenyl-
ephrine administration to induce a similar pressor
response to angiotensin II did not blunt the hyperaemic
response to whisker stimulation, hypertension per se
does not appear to explain the blunted neurovascular
coupling and perhaps points to an eﬀect of angiotensin
II on a vascular regulation (e.g. vascular oxidative
stress, diminished NO bioavailability).39,40 In the pre-
sent study, PCACVCi responses to visual stimulation
were similar in patients with AF and hypertension.
This occurred despite the known right-shift in the cere-
bral autoregulation curve documented in hypertension,
which is reported to have a complex inﬂuence on the
neurovascular coupling response,41,42 and may relate to
the diminished vasoactive signalling mechanisms
described above. Of note, AF patients exhibited a
larger MCACVCi and MCA Vm response than patients
with hypertension. The MCA does not supply the
visual cortex and this ‘‘non-selective’’ response may
reﬂect the engagement of cognitive pathways that are
independent of visual cortex stimulation.43
Interestingly, when the ‘‘non-selective’’ MCACVCi and
MCA Vm responses to the neurovascular coupling test
were subtracted from the PCACVCi and PCA Vm
responses in a secondary analysis, AF patients dis-
played the poorest neurovascular coupling of all the
groups studied (i.e. the lowest percentage increase in
PCACVCi and PCA Vm). Diminished neurovascular
coupling, may over time, disrupts the neuronal micro-
environment and causes functional deﬁcits in the brain.
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Cerebral autoregulation
An impaired cerebral autoregulation has been identiﬁed
in conditions including traumatic brain injury,44
Alzheimer’s disease,45 type 2 diabetes mellitus46 and
following mild ischaemic stroke.47 In accordance with
previous studies, we observed that MCA Vm (an index
of cerebral perfusion) was reduced in AF patients in the
supine position, and this has previously been postulated
to be both a cause12 and a consequence11 of an
impaired cerebral autoregulation. A number of com-
plex mechanisms are involved in the autoregulatory
process and include stretch-activated cation channels,48
autonomic inﬂuences49 metabolic inﬂuences (e.g.
CO2),
50 and NO,18,19 although the latter is still
debated.17 As described above, endothelial damage/
dysfunction and diminished endothelial NO bioavail-
ability have been identiﬁed in AF,13,14 along with auto-
nomic imbalance.51 Our study is the ﬁrst to determine
whether cerebral autoregulation is impaired in AF and
this was assessed using two approaches. First, the
examination of the temporal pattern of the MCA Vm
and MAP responses to a simple sit–stand manoeuvre,
and second, the transfer function analysis of these same
signals during a repeated squat-to-stand manoeuvre.
Importantly, these manoeuvres have high ecological
validity as they commonly occur in normal everyday
life (e.g. rising from a chair or standing up after retriev-
ing something from the ﬂoor) and can be accompanied
by symptoms indicative of cerebral hypoperfusion (e.g.
light-headedness). Both manoeuvres evoke pronounced
changes in blood pressure, and in the case of the
repeated squat-to-stand manoeuvre, the large oscilla-
tions in blood pressure evoked are transmitted to cere-
bral perfusion (Figure 2), thus increasing the coherence
between these variables and optimizing the transfer
function analysis method and its reproducibility.27,28
In line with our hypothesis, cerebral autoregulation
was diminished in AF patients compared to either
healthy controls or patients with hypertension (i.e. nor-
malised gain was elevated). A higher gain is usually
indicative of poorer buﬀering of changes in MAP by
the cerebral vasculature, but it can also suggest a
decreased cerebral vascular resistance.29 PETCO2 was
similar between groups during sit–stand test and
slightly diminished in AF patients compared to those
with hypertension, during supine baseline coincident
with transfer function analysis. Of note, as hypercapnia
decreases autoregulation,50 these diﬀering PETCO2
levels are unlikely to explain the group diﬀerences
observed in cerebral autoregulation. A sub-group ana-
lysis of AF patients that were ﬁbrillating (paroxysmal
and persistent AF) versus those not in AF (paroxysmal
AF) when tested identiﬁed that the former group had a
reduced transfer function absolute gain and increased
phase. Phase is representative of the delay between the
input (MAP) and output (MCA Vm), and a lower phase
shift may indicate a more passive following of MCA Vm
to MAP, thus a reduced cerebral autoregulatory per-
formance.52,53 The lower absolute gain and increased
phase observed suggest a more eﬀective cerebral auto-
regulation in the AF patients that were ﬁbrillating when
studied. This puzzling observation may be directly
attributable to the ﬁbrillation per se, but the contribu-
tion of a secondary related factor, such as the higher
MAP (tendency) and lower MCA Vm, cannot be
excluded. Indeed, normalised gain, which negates
group diﬀerences in MCA Vm, was not diﬀerent
between AF sub-groups. Additional studies are
required to better understand the mechanisms, whereby
cerebral autoregulation may be altered in this popula-
tion. Interestingly, there were no between-group diﬀer-
ences in the cerebral perfusion response to the single
sit–stand manoeuvre, suggesting that the more haemo-
dynamically strenuous manoeuvre (i.e. repeated squat-
to-stand) was required to reveal the AF-related alter-
ations in cerebral autoregulation.
Limitations
The reported changes in MCA Vm and PCA Vm derived
using transcranial Doppler ultrasound are only propor-
tional to cerebral blood ﬂow if the cross-sectional area
of the insonated artery remains unchanged. Of note, the
transcranial Doppler technique is the only practical
way we could have quantiﬁed the cerebral perfusion
responses to posturally induced changes in blood pres-
sure and thus derive cerebral autoregulatory data. An
increase in AF burden from paroxysmal to persistent,
and the duration of AF and hypertension since diagno-
sis, might be expected to further worsen cerebrovascu-
lar function. However, this information for individual
patients was not obtained thus limiting further within
group analysis. Investigations of sub-clinical indices of
end-organ damage and cerebral scans for covert
infarcts were beyond the scope of the protocol and as
such were not performed.
Conclusions
Neurovascular coupling and cerebral autoregulation
are diminished in AF patients compared to age-
matched, healthy controls and patients with hyperten-
sion. Future studies should explore the molecular basis
for these observations, along with their clinical impli-
cations as they may be signiﬁcant in terms of
AF-related cognitive decline and brain dysfunction.
Funding
The author(s) disclosed receipt of the following ﬁnancial sup-
port for the research, authorship, and/or publication of this
Junejo et al. 9
article: This work was supported by British Heart Foundation
project grant PG/15/45/31579 (SJEL, JJvL, GYHL, JPF [PI]).
The authors acknowledge the support of the National
Institute of Health Research Clinical Research Network
(NIHR CRN).
Declaration of conflicting interests
The author(s) declared the following potential conﬂicts of
interest with respect to the research, authorship, and/or pub-
lication of this article: GYHL is a consultant for Bayer/
Janssen, BMS/Pﬁzer, Medtronic, Boehringer Ingelheim,
Novartis, Verseon and Daiichi-Sankyo. Speaker for Bayer,
BMS/Pﬁzer, Medtronic, Boehringer Ingelheim, and Daiichi-
Sankyo. No fees are directly received personally. JPF has
received funding from BMS/Pﬁzer for an investigator-led
and competitively reviewed research project. RTJ is employed
by University of Birmingham as a research fellow on BMS/
Pﬁzer funded, investigator-led and competitively reviewed
research project. The remaining authors have no conﬂict of
interest in connection with the submitted article.
Authors’ contributions
JPF, SJE, JJvL and GYHL conception and design, IDB and
RTJ data collection, RTJ data extraction, AAP, IDB and
RTJ data analysis, JPF and RTJ statistical analysis, ﬁgure
preparation and draft of manuscript, RTJ, IDB, SJEL,
JJvL, AAP, GYHL and JPF revision, critique and ﬁnal
approval of the manuscript.
ORCID iD
Rehan T Junejo https://orcid.org/0000-0002-0670-8339
Supplemental material
Supplemental material for this article is available online.
References
1. Britton M and Gustafsson C. Non-rheumatic atrial fibril-
lation as a risk factor for stroke. Stroke 1985; 16: 182–188.
2. Sherman DG, Goldman L, Whiting RB, et al.
Thromboembolism in patients with atrial fibrillation.
Arch Neurol 1984; 41: 708–710.
3. Wolf PA, Abbott RD and Kannel WB. Atrial fibrillation
as an independent risk factor for stroke: the Framingham
Study. Stroke 1991; 22: 983–988.
4. Lin HJ, Wolf PA, Kelly-Hayes M, et al. Stroke severity in
atrial fibrillation. The Framingham Study. Stroke 1996;
27: 1760–1764.
5. Bellomo A, De Benedetto G, Fossati C, et al. Atrial fibril-
lation (AF) and cognitive impairment in the elderly: a case-
control study. Arch Gerontol Geriatr 2012; 55: 247–250.
6. Knecht S, Oelschlager C, Duning T, et al. Atrial fibrilla-
tion in stroke-free patients is associated with memory
impairment and hippocampal atrophy. Eur Heart J 2008;
29: 2125–2132.
7. Marzona I, O’Donnell M, Teo K, et al. Increased risk of
cognitive and functional decline in patients with atrial
fibrillation: results of the ONTARGET and
TRANSCEND studies. CMAJ 2012; 184: E329–E336.
8. Willie CK, Tzeng YC, Fisher JA, et al. Integrative regu-
lation of human brain blood flow. J Physiol 2014; 592:
841–859.
9. Girouard H and Iadecola C. Neurovascular coupling in
the normal brain and in hypertension, stroke, and
Alzheimer disease. J Appl Physiol 2006; 100: 328–335.
10. Immink RV, van Montfrans GA, Stam J, et al. Dynamic
cerebral autoregulation in acute lacunar and middle cere-
bral artery territory ischemic stroke. Stroke 2005; 36:
2595–2600.
11. Aaslid R, Lindegaard KF, Sorteberg W, et al. Cerebral
autoregulation dynamics in humans. Stroke 1989; 20:
45–52.
12. Lavy S, Stern S, Melamed E, et al. Effect of chronic
atrial-fibrillation on regional cerebral blood-flow.
Stroke 1980; 11: 35–38.
13. Conway DS, Pearce LA, Chin BS, et al. Prognostic value
of plasma von Willebrand factor and soluble P-selectin as
indices of endothelial damage and platelet activation in
994 patients with nonvalvular atrial fibrillation.
Circulation 2003; 107: 3141–3145.
14. Freestone B, Chong AY, Nuttall S, et al. Impaired flow
mediated dilatation as evidence of endothelial dysfunc-
tion in chronic atrial fibrillation: relationship to plasma
von Willebrand factor and soluble E-selectin levels.
Thromb Res 2008; 122: 85–90.
15. Doshi SN, Naka KK, Payne N, et al. Flow-mediated
dilatation following wrist and upper arm occlusion in
humans: the contribution of nitric oxide. Clin Sci 2001;
101: 629–635.
16. Joannides R, Haefeli WE, Linder L, et al. Nitric oxide is
responsible for flow-dependent dilatation of human per-
ipheral conduit arteries in vivo. Circulation 1995; 91:
1314–1319.
17. Toda N, Ayajiki K and Okamura T. Cerebral blood flow
regulation by nitric oxide: recent advances. Pharmacol
Rev 2009; 61: 62–97.
18. Kobari M, Fukuuchi Y, Tomita M, et al. Role of nitric
oxide in regulation of cerebral microvascular tone and
autoregulation of cerebral blood flow in cats. Brain Res
1994; 667: 255–262.
19. White RP, Vallance P and Markus HS. Effect of inhib-
ition of nitric oxide synthase on dynamic cerebral auto-
regulation in humans. Clin Sci 2000; 99: 555–560.
20. Iadecola C. The neurovascular unit coming of age: a jour-
ney through neurovascular coupling in health and dis-
ease. Neuron 2017; 96: 17–42.
21. Phillips AA, Chan FH, Zheng MM, et al. Neurovascular
coupling in humans: physiology, methodological
advances and clinical implications. J Cereb Blood Flow
Metab 2016; 36: 647–664.
22. White RP, Hindley C, Bloomfield PM, et al. The effect of
the nitric oxide synthase inhibitor L-NMMA on basal
CBF and vasoneuronal coupling in man: a PET study.
J Cereb Blood Flow Metab 1999; 19: 673–678.
23. Zhang R, Wilson TE, Witkowski S, et al. Inhibition of
nitric oxide synthase does not alter dynamic cerebral
10 Journal of Cerebral Blood Flow & Metabolism
autoregulation in humans. Am J Physiol Heart Circ
Physiol 2004; 286: H863–869.
24. Junejo RT, Braz ID, Lucas SJE, et al. Impaired cerebro-
vascular reactivity in patients with atrial fibrillation.
J Am Coll Cardiol 2019; 73: 1230–1232.
25. Adlan AM, Paton JFR, Lip GYH, et al. Increased sym-
pathetic nerve activity and reduced cardiac baroreflex
sensitivity in rheumatoid arthritis. J Physiol 2017; 595:
967–981.
26. Willie CK, Colino FL, Bailey DM, et al. Utility of tran-
scranial Doppler ultrasound for the integrative assess-
ment of cerebrovascular function. J Neurosci Methods
2011; 196: 221–237.
27. Smirl JD, Hoffman K, Tzeng YC, et al. Methodological
comparison of active- and passive-driven oscillations in
blood pressure; implications for the assessment of cere-
bral pressure-flow relationships. J Appl Physiol 2015; 119:
487–501.
28. Claassen JAHR, Levine BD and Zhang R. Dynamic cere-
bral autoregulation during repeated squat-stand maneu-
vers. J Appl Physiol 2009; 106: 153–160.
29. Claassen JA, Meel-van den Abeelen AS, Simpson DM,
et al. Transfer function analysis of dynamic cerebral
autoregulation: a white paper from the International
Cerebral Autoregulation Research Network. J Cereb
Blood Flow Metab 2016; 36: 665–680.
30. Zhang R, Zuckerman JH, Giller CA, et al. Transfer func-
tion analysis of dynamic cerebral autoregulation in
humans. Am J Physiol 1998; 274: H233–H241.
31. Nowak-Flu¨ck D, Ainslie PN, Bain AR, et al. Effect of
healthy aging on cerebral blood flow, CO2 reactivity and
neurovascular coupling during exercise. J Appl Physiol
2018; 125: 1917–1930.
32. Smirl JD, Hoffman K, Tzeng Y-C, et al. Relationship
between blood pressure and cerebral blood flow during
supine cycling: influence of aging. J Appl Physiol 2015;
120: 552–563.
33. Jennings JR, Muldoon MF, Ryan C, et al. Reduced cere-
bral blood flow response and compensation among
patients with untreated hypertension. Neurology 2005;
64: 1358–1365.
34. Graff-Radford J, Madhavan M, Vemuri P, et al. Atrial
fibrillation, cognitive impairment, and neuroimaging.
Alzheimers Dement 2016; 12: 391–398.
35. Iadecola C. Regulation of the cerebral microcirculation
during neural activity: is nitric oxide the missing link?
Trends Neurosci 1993; 16: 206–214.
36. Freestone B and Lip GY. The endothelium and atrial
fibrillation. The prothrombotic state revisited.
Hamostaseologie 2008; 28: 207–212.
37. Noris M, Morigi M, Donadelli R, et al. Nitric oxide syn-
thesis by cultured endothelial cells is modulated by flow
conditions. Circ Res 1995; 76: 536–543.
38. Topper JN, Cai J, Falb D, et al. Identification of vascular
endothelial genes differentially responsive to fluid mech-
anical stimuli: cyclooxygenase-2, manganese superoxide
dismutase, and endothelial cell nitric oxide synthase are
selectively up-regulated by steady laminar shear stress.
Proc Natl Acad Sci U S A 1996; 93: 10417–10422.
39. Kazama K, Wang G, Frys K, et al. Angiotensin II
attenuates functional hyperemia in the mouse somatosen-
sory cortex. Am J Physiol Heart Circ Physiol 2003; 285:
H1890–H1899.
40. De Silva TM and Faraci FM. Effects of angiotensin II
on the cerebral circulation: role of oxidative stress.
Front Physiol 2012; 3: 484.
41. Panerai RB, Eyre M and Potter JF. Multivariate model-
ing of cognitive-motor stimulation on neurovascular cou-
pling: transcranial Doppler used to characterize myogenic
and metabolic influences. Am J Physiol Regul Integr
Comp Physiol 2012; 303: R395–R407.
42. Maggio P, Salinet AS, Robinson TG, et al. Influence of
CO2 on neurovascular coupling: interaction with
dynamic cerebral autoregulation and cerebrovascular
reactivity. Physiol Rep 2014; 2: e00280.
43. Downar J, Crawley AP, Mikulis DJ, et al. The effect of
task relevance on the cortical response to changes in
visual and auditory stimuli: an event-related fMRI
study. Neuroimage 2001; 14: 1256–1267.
44. Czosnyka M, Smielewski P, Piechnik S, et al. Cerebral
autoregulation following head injury. J Neurosurg 2001;
95: 756–763.
45. den Abeelen AS, Lagro J, van Beek AH, et al. Impaired
cerebral autoregulation and vasomotor reactivity in spor-
adic Alzheimer’s disease. Curr Alzheimer Res 2014; 11:
11–17.
46. Vianna LC, Deo SH, Jensen AK, et al. Impaired dynamic
cerebral autoregulation at rest and during isometric exer-
cise in type 2 diabetes patients. Am J Physiol Heart Circ
Physiol 2015; 308: H681–687.
47. Atkins ER, Brodie FG, Rafelt SE, et al. Dynamic cere-
bral autoregulation is compromised acutely following
mild ischaemic stroke but not transient ischaemic
attack. Cerebrovasc Dis 2010; 29: 228–235.
48. Davis MJ, Donovitz JA and Hood JD. Stretch-activated
single-channel and whole cell currents in vascular smooth
muscle cells. Am J Physiol 1992; 262: C1083–1088.
49. Hamner J, Tan CO, Tzeng YC, et al. Cholinergic control
of the cerebral vasculature in humans. J Physiol 2012;
590: 6343–6352.
50. Panerai RB, Deverson ST, Mahony P, et al. Effects of
CO2 on dynamic cerebral autoregulation measurement.
Physiol Meas 1999; 20: 265–275.
51. Chen PS, Chen LS, Fishbein MC, et al. Role of the auto-
nomic nervous system in atrial fibrillation: pathophysi-
ology and therapy. Circ Res 2014; 114: 1500–1515.
52. van Beek AH, Claassen JA, Rikkert MG, et al. Cerebral
autoregulation: an overview of current concepts and
methodology with special focus on the elderly. J Cereb
Blood Flow Metab 2008; 28: 1071–1085.
53. Truijen J, Rasmussen LS, Kim YS, et al. Cerebral auto-
regulatory performance and the cerebrovascular response
to head-of-bed positioning in acute ischaemic stroke. Eur
J Neurol 2018; 25: 1365–e1117.
Junejo et al. 11
